High birefringence and low viscosity nematic liquid crystal single compounds and mixtures were developed and their properties evaluated. The UV stability of the single isothiocyanianes liquid crystal compounds was studied by different methods. Excellent UV durability of some of the single high birefringence isothiocyanianes was discovered. The new eutectic liquid crystal mixtures based on these compounds were tested in comparison to commercial high birefringence Merck's E44. Our new mixtures exhibit similar birefringence, $4 times lower visco-elastic coefficient and significantly better UV stability than E44 mixture.
Introduction
Response time is one of the most important parameters for every liquid crystal (LC) device. 1) A faster response time could be achieved by using a thinner cell gap, elevated temperature, special driving voltage schemes, different device configuration, [2] [3] [4] or using a LC material with high Figure-of-Merit (FoM). [5] [6] [7] [8] The FoM of a LC material is defined as KðÁnÞ 2 = 1 , where (Án) is the LC birefringence, 1 is the rotational viscosity, and K is the elastic constant corresponding to the LC alignment. High FoM LC mixtures are particularly desirable for reflective displays 9) and laser beam steering 10) in the near infrared region (NIR). High birefringence enhances the display brightness and contrast ratio of polymer-dispersed liquid crystal (PDLC), holographic PDLC and LC gels. [11] [12] [13] [14] Commercially available high birefringence LC mixtures, e.g., BL-038 and E44 (from Merck) have Án in the 0.24-0.26 range (at ¼ 589 nm and T ¼ 20 C). However, the employed cyano (CN) polar group tends to form dimmers so that these mixtures exhibit a relatively high viscosity. As a result, their FoM is not too impressive.
To reduce viscosity, a linear molecule with different terminal polar group, such as fluoro (F) or isothiocyanato (NCS) can be considered. The fluoro compounds have been used extensively for active matrix liquid crystal displays because of their low viscosity and high resistivity. However, the fluoro group has a strong electro-negativity. It shifts the electronic absorption toward a shorter wavelength, which reduces the LC birefringence. On the contrary, the NCS group extends the molecular conjugation and, therefore, enhances the LC birefringence. A major technical challenge of the NCS compounds is that these compounds tend to form smectic phase. In addition, high birefringence LC materials usually exhibit a higher melting temperature, increased viscosity, and degraded photo-stability. 15) In this paper, we report new LC mixtures with a similar birefringence as E44 but with a significantly lower viscosity and better UV stability.
Experimental
Several techniques such as UV-Spectroscopy, differential scanning calorimetry (DSC), phase retardation and relaxation time measurements were used to monitor the material stability during UV exposure. The UV absorption spectra for single compounds were measured by using dual channel Cary 500 UV/VIS/IR spectrophotometer. Each LC compound was dissolved in cyclohexane solution at 2 Â 10 À4 molar concentration. Standard quartz semimicrocells, with 10-mm thickness, were used in the sample and reference channels of the spectrophotometer. The DSC method was used to determine the clearing temperature (T c ) of our samples during UV exposure. Nematic to isotropic phase transition temperature was measured before and after every UV illumination cycle. The performance of the LC materials was evaluated by using the electro-optic method.
15) The phase retardation [eq. (1)] and relaxation time [eq. (2)] were measured by the LabVIEW system in order to calculate birefringence and visco-elastic coefficient.
2 is the free relaxation time constant. Once Án and 1 =K 11 are obtained, the figure of merit is calculated from FoM ¼ K 11 ðÁnÞ 2 = 1 . All the electro-optic measurements were carried out using an 8 mm homogenous cell with indium-tin-oxide (ITO) electrodes coated in the inner sides of the glass substrates. A thin polyimide layer was overcoated on ITO and buffed in anti-parallel directions to produce a small pretilt angle ($2 degrees). A linearly polarized He-Ne laser with ¼ 633 nm wavelength was used as the light source for the electro-optic measurements. The LC samples were illuminated with a Loctite UV light (intensity I ¼ 200 mW/cm 2 at ¼ 365 nm). For single component studies, a 10% compound was mixed in ZLI-1800-100 to form guest-host system. The birefringence of the host mixture is Án ¼ 0:0670 (at ¼ 633 nm). This mixture is commonly considered as UV transparent. For UV stability measurements, our new mixture UCF-25 and E44 were used at 100% concentration level because they are liquid at room temperature.
Results and Discussions
In order to get a UV stable, high birefringence and low viscosity LC mixtures, we used isothiocyanato-biphenyls (NCS-biphenyls) and isothiocyanato-tolanes (NCS-tolanes) as compared to the cyano-biphenyls (CN-biphenyls) used for E44 formulation. Mesomorphic and electro-optic properties of each single compound were studied. Results are listed in Table I . The well-known pentyl cyanobiphenyl compound, abbreviated as PP5CN (5CB), was used as a benchmark for single compound and E44 as a reference mixture.
Two groups of compounds were chosen in our experiment. The first group (Comp. 1-3) contains CN and NCS biphenyls and 3,5-difluoro isothiocyanato-terphenyl and the second group contains tolanes (Comp. [4] [5] [6] . Compounds with different structures and conjugation length are chosen in order to improve the solubility of mixtures. Both electronic absorption spectrum and molecular structure affect the UV stability of a LC compound. A common wavelength used for UV stability study is ¼ 365 nm, which is a strong line of the mercury lamp. Therefore, if a LC absorbs ¼ 365 nm, then its UV stability could be weakened. However, there are exceptions. For example, the diphenyl-diacetylene LC 16) has poor UV stability although its absorption tail is still 40 nm shorter from ¼ 365 nm. The degradation mechanism is believed to originate from the UV-induced free radicals of the diacetylene group.
17) Therefore, both electronic absorption and molecular structural effects need to be taken into consideration simultaneously. Figure 1 shows the measured UV absorption spectra of the single compounds. Typically, high birefringence compounds are solid at room temperature. Thus, we measured UV absorption spectra from cyclohexane solution. The UV transparent quartz cells with 10 mm optical path were used for these measurements. Similar results were obtained by dissolving 1 wt% of each selected compound in the host LC mixture ZLI-1800-100, which is relatively transparent in the UV region. The cell gap was typically adjusted to 5-10 mm. The NCS-biphenyl [2] has a longer absorption tail ( ¼ 330 nm) than that of 5CB [1] ( ¼ 310 nm). This is because NCS has a longer -electron conjugation than the cyano group. The NCS-terphenyl [3] pushes the absorption tail further to $ 370 nm. Among the three tolanes studied the alkyl-alkoxy tolane PTP-5O1 [6] has the shortest absorption tail ( $ 320 nm), followed by PTP-4NCS [4] ( ¼ 343 nm), and then PTP-4ONCS [5] ( $ 350 nm).
Two independent methods: differential scanning calorimetry (DSC) and electro-optics were used to determine the material degradation process during UV exposure. It is anticipated that once degradation occurs, the LC birefringence and clearing temperature would decrease. The birefringence change can be easily detected by the voltagedependent transmittance of a LC cell situated between two crossed polarizers. 17) Meanwhile, the clearing temperature of each compound was monitored by DSC before and after each UV exposure. Results are shown in Fig. 2 and 3 , Table I Table I and the LC host mixture ZLI-1800-100.
Jpn 7177 respectively. Based on the absorption spectra shown in Fig. 1 , we naturally expect that the difluoro-terphenyl NCS compound [3] would have the worst UV stability because its absorption tail is the longest among the six compounds investigated. Surprisingly, we found that the nonpolar tolane PTP-5O1 [6] has the weakest UV stability. Compound [6] (PTP-5O1) has a slightly longer conjugation than 5CB [1] but has the lowest birefringence among the six compounds considered. From  Figs. 2(b) and 3(b) , the birefringence and clearing temperature of PTP-5O1 [6] drop to 63% and $90%, respectively, of its original values after 4 h of UV exposure. The physical mechanisms responsible for this unexpected fast degradation are not completely understood. This nonpolar tolane is least unstable although its absorption tail is $40 nm shorter than the UV wavelength ( ¼ 365 nm). On the other hand, the absorption tail of the isothiocyanato-terphenyl [3] extends to ¼ 365 nm. However, its Án and clearing point temperature drops only $4% and $5%, respectively, after 4 h of UV exposure, in Figs. 2(b) and 3(b) . The structure of PPP(3,5F)-4ONCS [3] does not contain any triple bonds. These results suggest that the triple bond linking the phenyl rings is the weakest part of the PTP-5O1 [6] molecule and causes the degradation under UV exposure. Moreover, the PPP(3,5F)4ONCS [3] appears to be more stable than 5CB [1] which lost almost 15% in Án and $8% in T c at the same experimental conditions, in Figs. 2(a) and 3(a) . The cyanobiphenyl [1] has a triple bond linking the carbon and nitrogen atoms at the terminal group.
The PP4NCS [2] compound was chosen as an isothiocyanato analog of 5CB [1] . The major structural difference between these two compounds is the terminal group. The NCS group has two double bonds instead of one triple bond in CN. The measured birefringence and clearing temperature of PP4NCS [2] do not change within 4 h of UV exposure. Within this time frame, the UV stability of PP4NCS [2] is as good as the ZLI 1800-100 host mixture, in Figs. 2(a) and 3(a). The triple bond once again is proven as the weakest part in a molecule, which initiates the UV degradation process. The surprising discovery of our experiment is that the highly conjugated isothiocyano group (NCS) appears to be more stable than the cyano terminal group (CN). The NCS group is known to have a larger birefringence (due to the longer conjugation) and low viscosity (due to the no evidence of dimmer interaction) than that of CN. 19, 20) Now, we find it also exhibits a better UV stability. To explain this phenomenon, we found that the NCS group has a better electron delocalization than CN. The resonance structures also show that the phenyl-NCS conjugation is more stable than the phenyl-CN. This is because NCS is a nucleophilic substitution. 21) Of course, we do not imply that all the double bonds are more stable than triple bond. It is known that the C=C double bond is less stable than the acetylene from the bonding energy point of view. 22) Based on this discovery, we could formulate a high FoM LC mixture using the selected NCS biphenyls and terphenyls with UV stability equal or better than that of 5CB, which is adequate for most applications. From Figs. 2 and 3 , the compound stability has the following order: PP4NCS > PPP(3,5F)4ONCS > PTP4NCS > PTP4ONCS > PP5CN > PTP5O1. Thus, to formulate a highly UV stable 0 -propylbicyclohexyl CCP3NCS (7%), and 1-(4-Propyl-cyclohexyl)-4-isothiocyanato-benzene CP3NCS (35%). We evaluated an exemplary mixture designated as UCF-25. Its birefringence is similar to that of Merck E44 mixture (whose major components are cyano-biphenyls and terphenyls) except for a much lower viscosity. Thus, we use E44 as benchmark for the UV stability comparison.
The dielectric constants and threshold voltage of those two mixtures were measured by the capacitance method using Displaytech APT III instrument. Meanwhile, birefringence was measured at ¼ 633 nm and T ¼ 23
C by the voltage-dependent transmittance of a homogeneous cell between crossed polarizers. The visco-elastic coefficient ( 1 =K 11 ) was measured by the transient phase decay time of the homogeneous cell in the small angle regime. 23) Results are shown in Table II . UCF-25 exhibits a slightly higher threshold voltage and smaller dielectric anisotropy than E44. This is because cyano has a larger dipole moment than the isothiocyanato terminal group. The birefringence of UCF-25 was intentionally designed to be comparable to that of E44. Table II compares the physical properties of E44 and UCF-25 LC mixtures at 23 C, ¼ 633 nm and 1 kHz sampling voltage frequency. The melting and clearing temperatures of UCF-25 were measured to be À6 C and 89 C, respectively. The major advantage of our new mixture is that its viscoelastic coefficient is $3:5 times lower than that of E44. The overall FoM of UCF-25 is $4 times higher than that of E44. The second important advantage of the new UCF mixture is its excellent UV stability. From Fig. 4 , UCF-25 maintains the same mesomorphic properties after 4 h of UV exposure at the intensity of 200 mW/cm 2 . The measured clearing temperature change is <0:3%. For E44 under the same conditions, the clearing temperature is decreased by more than 1.5%. The UV stability of UCF-25 is nearly as good as that of ZLI-1800-100; a low birefringence UV transparent host mixture.
Conclusion
We have examined the UV stability of some high birefringence LC structures. The compounds containing either carbon-carbon triple bond or carbon-nitro triple bond will eventually reduce the UV stability. By using the isothiocyanato (NCS) biphenyls and terphenyls, our eutectic mixture exhibits a $4 times higher Figure-of-Merit and better UV stability than Merck E44 mixture. These UV stable, high birefringence, and low viscosity LC compounds and mixtures are useful for PDLC, holographic PDLC, and other LC-polymer devices including displays and telecom light switches. 
